A PusteureZ/u haemolytica Al gene involved in the biosynthesis of a moiety on the core of the lipopolysaccharide molecule has been cloned and characterized. Escherichia coli clones which carry this gene showed an alteration of its lipopolysaccharide migration profile on tricine SDS-PAGE and exhibited resistance to the core-specific phage U3. In addition, lipopolysaccharide extracted from the 17. coli clones was recognized by an anti-corespecific antiserum, but not by antiserum specific for the 0 antigen of P. haemolytica Al lipopolysaccharide. Nucleotide sequence analysis of the cloned DNA identified an open reading frame (ZpsA) coding for a protein of 263 amino acids which showed significant homology with a Haemophilus itzfluenzae type b lipooligosaccharide biosynthesis gene. PCR amplification of genomic DNA, using primers based on the P. haemolytica Al ZpsA sequence, yielded products from only the A biotypes of P. haemolytica.
Introduction
Pasteurella haemolytica Al is the principal microorganism involved in the development of pneumonic pasteurellosis in feedlot cattle 111. Some of the virulence factors of this organism include its leukotoxin, capsular carbohydrate and lipopolysaccharide (LPS) [2] . LPS plays an important role in the generation of inflammation throughout the course of pneumonic pasteurellosis [3] and in damaging bovine pulmonary artery endothelial cells [4] . 0378-1097(95) were from our laboratory collection. E. coli JM109(DE3) (e&Al, recA1, gyrA96, thi, hsdR17, relA1, supE44, , [F', traD36, proAB, LacIqA AM15] , h(DE3)), S4874 (lacZ, trp, A(sbcB-rfb), upp, rel, rpsL) and phage U3 were obtained from C. Whitfield, University of Guelph, Ont. P. haemolytica strains were grown at 37" C in brain heart infusion broth; E. coli HBlOl and S&374 were routinely grown in LT broth supplemented with 100 mg 1 -' of ampicillin when necessary. E. coli JM109(DE3) and TG-1 were grown in Davis minimal media.
Restriction endonucleases, DNA modifying enzymes, protein and DNA molecular mass standards were purchased from Pharmacia Chemicals (Dorval, Que.) or Bethesda Research Laboratory (Burlington, Ont.) and used as recommended by the supplier. Goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate and immunodetection reagents were purchased from Bio-Rad Laboratories (Mississauga, Ont.).
Screening of the P. haemolytica Al clone bank
A P. haemolytica Al genomic bank was screened using hydrophobic grid membrane filtration (HGMF) [7] with a rabbit polyclonal antiserum raised against phenol-purified P. haemolytica Al LPS. LPS was adsorbed to sheep erythrocytes prior to subcutaneous injection and the immune response was boosted by a 2nd injection at 14 days. The first antibody was used at a l/50 dilution and the 2nd antibody (goat antirabbit) at a l/2000 dilution. The colonies were visualized by the substrate combination of nitro blue tetrazolium and 5-bromo-bchloro-3-indolyl phosphate as described previously [8] . Purified LPS was provided by J. Richards, NRC, Ottawa, Ont. and the rabbit antiserum was prepared by J. Lam, University of Guelph, Ont.
Analysis of lipopolysaccharide
Phenol-purified LPS was prepared by the method of Johnson and Perry [9] and resuspended in 2 X SDS sample buffer. Equal amounts of the lyophilized LPS stock from each sample were boiled for 3 min at 95" C prior to gel electrophoresis. Electrophoresis was carried out on a lo-20% gradient tricine-SDS-PAGE system (Helixx Technologies, Scarborough, Ont.). After electrophoresis, the gel was silver-stained according to a modification of the method of Dubray and Bezard [lo] .
For Western immunoblot analysis, LPS was transferred onto a nitrocellulose membrane in a Bio-Rad Transblot apparatus after separation by tricine-SDS-PAGE as described [8] . Hyperimmune antisera specific to either the core or 0 antigen moiety of P. haemolytica Al LPS (from G. Frank, National Animal Disease Center, Ames, IA; and kindly provided by R. LaCroix, NRC, Ottawa, Ont.
[ll]) was used as the first antibody at a dilution of l/5000. The second antibody dilution and color development were as described above.
Phage-sensitivity assays
Sensitivity of a bacterial strain to a LPS-specific bacteriophage was determined using the method of Wilkinson et al. [12] . 5-10 ~1 of phage lysate (108-10'o pfu ml-') was spotted onto a bacterial lawn and incubated overnight at 37" C. Lytic clearing of the bacteria indicated sensitivity to the spotted phage.
DNA sequence analysis
Appropriate DNA fragments from the recombinant plasmids were subcloned into Ml3 phage vectors mp18 or mp19, single-stranded DNA was prepared and sequenced by the dideoxy chain termination method as previously described [8] using a T7 sequencing kit from Pharmacia. Nested deletions [81 and specific oligonucleotide primers synthesized with a 391EP PCR-Mate DNA synthesizer (Applied Biosystems, Foster City, CA), were used to sequence regions into the insert DNA. Nucleotide sequences were analysed with Pustell Sequence Analysis program (International Biotechnology Inc., Toronto, Ont.). The sequence was used in a homology search against the GenBank data base using the BLAST Search program.
In r!iLlo labelling of plasmid-encoded proteins
The expression of plasmid-encoded proteins under the control of the T7 promoter was carried out using a modification of the method of Tabor and Richardson [13] . Briefly, appropriate DNA fragments in-serted into the multiple cloning sites of pBluescript were transformed into E. coli JM109(DE3).
The cultures were grown in Davis minimal media supplemented with 0.4% glucose, 1 pg ml-' thiamine, 1% casamino acids and 100 pg ml-' ampicillin to an OJhl of 0.60. Cells from 1 ml were collected, washed, resuspended in Davis minimal media for 90 min at 37" C and induced with isopropyl-P-p-thiogalactopyranoside (IPTG, 0.5 PM) at 37" C for 20 min. Rifampicin (400 pg ml-' ) was added, the culture incubated for 30 min and subsequently 5 &i [35S]methionine was added for 1 h. The cells were washed in cold phosphate-buffered saline buffer, lysed in 2 X SDS sample buffer, boiled at 95" C for 3 min and the proteins electrophoresed in a 12.5% SDS-polyacrylamide gel [14] . The gel was stained with Coomassie brilliant blue (0.05% Coomassie brilliant blue R-250 in 40% methanol, 10% acetic acid), destained and soaked in AmplifyTM (Amersham) for 30 min. The gel was dried and labelled proteins were detected with autoradiography.
PCR amplification of 1psA sequences
Genomic DNA used as the template for PCR amplification was prepared by lysis of the bacterial cells and phenol extraction [15] . The primers were synthesized based on internal regions of 1psA (see Fig. 1 ). The primer sequences were: #576, 5'-GTAATTAGCCTAACCTCCGCA; and #577, 5'-GTACACATAAAGCAGGAGAC, for the upstream and downstream positions, respectively. PCR was carried out in a Perkin Elmer Cetus DNA 480 thermal cycler, using GeneAmp core reagents, as recommended by the supplier (Perkin Elmer, NJ). Following a hot start at 80" C, the DNA was amplified in 30 cycles consisting of 1 min denaturation at 95" C, 2 min annealing at 50" C, and 2 min elongation at 72" C. The products were then examined by agarose gel electrophoresis and Southern blot hybridized with the PCR product from P. haemolytica Al. Insert DNA in some of the recombinant plasmids is indicated by the numbers 12, 28, and 7, representing plasmids pPH12, pPH28, pPH7, respectively.
Numbers 7.1 and 7.2 represent the insert DNA in pPH7.1 and pPH7.2, respectively, which are subcloned into the pBluescript vector. The asterisks indicate positions of the two primers for PCR amplification of the 1psA sequence. Abbreviations:
A, Ad; AC, AccI; b, BarnHI (generated between the vector and insert DNA); B, Bg[II; E, EcoRI; H, HindIII;
Hc, HincII; P, Pstl; X, XhoI. the entire P. haemolytica Al LPS, several overlapping inserts comprising a total of 5.5 kb of P. haemolytica Al DNA were isolated from antigenitally positive transformants. One plasmid, pPH7, was chosen for further analysis (Fig. 1) . Interestingly, all of the originally isolated DNA segments which conferred LPS alteration on the E. coli host contained the P. haemolytica Al sialoglycoprotease gene (gcp, [14] ; and see Fig. 1 ). Subcloning of pPH7 ruled out involvement of the sialoglycoprotease in the alteration of LPS. One of the subclones, pPH7.2, contains the region flanked by the XhoI and Hind111 sites which lacks part of the gcp coding sequence but still contains the complete 1p.d gene. Another subclone, which carries only gcp, was shown not to alter the host's LPS gel migration profile, phage sensitivity or immunogenicity (data not shown).
Fragments of pPH7 were subcloned into pBluescript (SK or KS); pPH7.1 contains the XhoI-EcoRI fragment, and pPH7.2 the XhoI-Hind111 fragment (Fig. 1) . Only pPH7.2 confers the same LPS phenotype as the initial isolates. These plasmids were also introduced into E. coli S 4874 (A@) to ensure that the alteration in the host LPS core profile was dependent on the cloned DNA and not unique to a particu-lar strain. The results show that the same LPS phenotype was observed regardless of the E. coli host used (data not shown). Since E. coli S4874 lacks any cryptic @J genes [16] , it was used as the host strain in all subsequent experiments unless otherwise specified.
Gel migration profiles and phage sensitivity
Purified LPS was separated by electrophoresis and visualized with LPS-specific silver staining. An additional higher and perhaps a lower molecular mass core moiety was present when pPH7.2 was carried in the host strain, as compared to when the vector (pBluescript) or pPH7.1 was present (Fig. 2) . When pPH7.1 was present, the LPS extracted from the host strain had the additional lower band. The significance of the lower band is unknown, but since it was not recognized by the antisera raised against P. haemolytica Al LPS that were used in these experiments ( Fig. 3; and data not shown), it is presumably not an authentic P. haemolytica Al moiety.
Phage U3 binds specifically to the complete E. coli K-12 core LPS [17] . If additional substituents are present on the core oligosaccharide, the phage receptor site could be masked and cell lysis will not occur. This bacteriophage was used to determine if the P. haemolytica Al LPS determinant being expressed by the recombinant plasmids would lead to obstruction of the phage receptor site. Expression of 123 Fig. 2 . LPS core profiles of E. coli K-12 as resolved by tricine SDS-PAGE.
The figure shows separation of phenol-purified LPS from E. coli S4874 carrying various plasmids on a lo-20% gradient gel and silver stained. functions encoded by pPH7 or pPH7.2 led to the E. coli host becoming resistant to lysis by U3.
Western immunoblotting
The data given above suggest that the cloned P. haemolytica Al DNA encodes a function which modifies the rough LPS of the E. coli host. To determine the antigenic properties of the altered LPS molecule, hyperimmune antiserum specific to either the core or 0 polysaccharide region of P. haemolytica Al LPS was used to examine the LPS by Western immunoblotting. The antiserum specific for the 0 antigen of P. haemolytica Al only recognized LPS extracted from P. haemolytica Al (Fig. 3A) . However, the anti-corespecific antiserum not only recognized P. haemolytica Al LPS but also LPS extracted from E. coli S4874 carrying pPH7.2 (Fig.  3B) . The altered epitope could be a sugar moiety or another substituent such as an acetyl or phosphoryl group specific to P. haemolytica Al LPS. Alternatively, LpsA might be mediating the addition of a common sugar moiety to the E. coli core but with a linkage unique to P. haemolytica Al LPS.
DNA sequence analysis
The entire 5.5-kb segment of P. haemolytica Al DNA originally isolated was sequenced. The sequence corresponding to the 3.2-kb region between the PstI and Hind111 sites is deposited in GenBank under accession number U1.5958. A section of this sequence, which codes for gcp, between nucleotides 893 and 2203 has previously been deposited in GenBank under accession number M62364 [14] . However, the present sequence extends beyond this region and also corrects a number of mistakes (flanking the gcp sequence) that were previously undetected. In addition to gcp, an open reading frame of 263 amino acids was predicted and designated lps.4 (see Fig. 1 ). This corresponds to a protein of 30.9 kDa, which is the approximate size of the protein observed in the T7 expression system (see below). The predicted protein LpsA has a pi of 9.8 and is predicted to be a peripheral membrane protein based upon hydrophobicity analysis [lS] . LpsA, having a basic isoelectric point, could potentially function at the inner surface of the negatively charged cytoplasmic membrane where the acidic lipid A-core region is assembled [19] . 1psA shares 60% identity with a Haemophilus influenzae type b LOS biosynthetic gene [20, 21] . This gene has been characterized by two laboratories and has been designated k-1 [20] and lic2A [21] . An alignment of the deduced amino acid sequences of the two proteins is shown in Fig.  4 . When the amino acid sequences are compared, the th YSR,EYI"IS NIUTEMK" ITKOFEsK"L SFSffUITV osINoslRs so I III . IllllII two proteins share 34% identity and 45% similarity when conserved changes are taken into account. No particular function has been assigned to this H. injluenzae gene product, but the H. influenzae LOS biosynthesis gene has been shown to play a role in virulence [22] .
Upstream of the initiation codon of lps.4 are putative promoter sequences corresponding to weak -10 and -35 sequences of E. coli promoters. However, no sequences similar to potential ribosome binding sites could be found upstream of the initiation codon. This lack of a consensus ribosome binding sequence could account for the poor expression of 1psA in E. coli clones.
Interestingly, one of the main differences between LpsA and Lex-1 (or Lic2A) is the absence of the SINQ amino acid repeats in LpsA (Fig. 4) . This is due to the lack of the CAAT repeat at the nucleotide sequence level in ZpsA. The CAAT repeat is positioned at the 5' end of lex-1 and has been suggested to be involved in phase variation in the expression of LOS epitopes in H. influenzae [21] . This lack of the CAAT repeat in the LPS biosynthetic gene(s) may be one of the reasons that P. haemolytica Al is not known to exhibit phase variation in its LPS. In addition, we also observed expression of 1psA in E. coli, as shown by its effect on the E. coli K-12 LPS core. In contrast, antigenically positive recombinants could not be obtained in E. coli HBlOl carrying the H. influenzae lex-1 [20] . This may be due to the lack of a suitable LPS core substrate for the addition of the H. infkenzae epitope or the inability of E. coli to express lex-1 over the CAAT repeat sequences.
T7 expression
High level expression was generated from the pBluescript subclones using a T7 expression system. The 2-kb DNA fragment from pPH7.2 was cloned into pBluescriptKS (Hind111 to XhoI) and pBluescriptSK (XhoI to HindIII) to confirm that the predicted strand contained the coding sequence. The plasmids were then introduced into E. coli JM109(DE3) and the plasmid-encoded proteins were expressed from the T7 promoter. The results showed that when the 2-kb fragment is inserted into pBluescriptSK, a 30-kDa protein is expressed (Fig. 5) . This protein is not expressed when the fragment is cloned in the opposite orientation into pBluescript KS. None of the other subclones carrying DNA fragments derived from pPH7.1 produced the 30-kDa protein.
PCR amplification
A product of the expected size of 570 bp was obtained when P. haemolytica Al DNA was used as the template with primers #576 and #577. When DNA from the other 15 serotypes of P. haemolytica was used as templates, serotypes 2, 5-9, 11-14 and 16 (all A biotypes) yielded products of the expected size (Fig. 6a) . These products were confirmed to be lpd sequences by Southern hybridization with the 570-bp product amplified with P. haemolytica Al DNA (Fig. 6b) . The absence of 1psA sequences in serotypes 3, 4, 10, and 15 (all T biotypes) was also confirmed by Southern blot hybridization of the 1psA probe to genomic DNA under both high and low stringency conditions (data not shown). The lack of 1psA sequences in the T biotypes is consistent with the change to rename them P. trehalosi [23] . This also suggests that the biosynthesis of LPS in the A biotypes may utilize a common pathway, possibly at an early step. 
